Post-traumatic stress disorder (PTSD) is suggested to be a structural and functional abnormality in the insula. The insula, which consists of distinct subregions with various patterns of connectivity, displays complex and diverse functions. However, whether these insular subregions have different patterns of connectivity in PTSD remains unclear. Investigating the abnormal functional connectivity of the insular subregions is crucial to reveal its potential effect on diseases specifically PTSD. This study uses a seed-based method to investigate the altered resting-state functional connectivity of insular subregions in PTSD. We found that patients with PTSD showed reduced functional connectivity compared with healthy controls (HCs) between the left ventral anterior insula and the anterior cingulate cortex. The patients with PTSD also exhibited decreased functional connectivity between the right posterior insula and left inferior parietal lobe, and the postcentral gyrus relative to HCs. These results suggest the involvement of altered functional connectivity of insular subregions in the abnormal regulation of emotion and processing of somatosensory information in patients with PTSD. Such impairments in functional connectivity patterns of the insular subregions may advance our understanding of the pathophysiological basis underlying PTSD.
Introduction
Post-traumatic stress disorder (PTSD) is a prevalent and chronic anxiety disorder that frequently leads to significant distress and impairment in vital aspects of daily functioning. [1, 2] One of the commonly believed cause of PTSD in the general population is motor vehicle accidents (MVAs). [3] Patients with PTSD often experience the following symptoms: hyperarousal, re-experiencing of the event, and avoidance of traumatic stimuli. [4] Current diagnosis of PTSD depends primarily on clinical signs and symptoms. The exact pathophysiological basis of PTSD remains largely unknown. Thus, improving our understanding of the pathophysiological mechanism of PTSD is essential in the clinical treatment and management of this disorder. [5] Increased efforts have been dedicated for the neuroimaging studies of PTSD; the insular cortex is suggested to be implicated in the emotional cognitive processing and motor behavior in PTSD. Previous studies found that patients with PTSD exhibited increased activation in the insula during script-driven imagery task examination [6, 7] and emotional memory retrieval task. [8] In addition, decreased activation of the insula in patients with PTSD has been found when performing emotional Stroop tasks, which suggests emotional-cognitive processing dysfunction. [9] A recent study reported an association between flashbacks in PTSD with insula and sensory area activation. [10] One recent study further showed that flashbacks may be involved in various types of motor behavior and imagery motor. [11] Recent advances in resting-state functional magnetic resonance imaging (fMRI) have been made it possible to investigate spontaneous brain activities in vivo. [12, 13] Compared to the traditional task-based approach, resting-state fMRI avoids potential performance confounds related to cognitive paradigms, and it is relatively easy to perform in clinical studies. Furthermore, resting-state functional connectivity (FC), which reflects the intrinsic relationships between brain areas, [14] has been widely used to effectively detect the pathophysiological mechanisms of psychiatric and neurological disorders. [15, 16] Although the insula is emphasized as an integration center with structural and functional alterations in PTSD, limited restingstate FC studies have systematically explored insula connectivity in PTSD.
To date, none of the prior resting-state FC studies have taken insular subregions as regions of interest (ROIs) to explore the abnormal FC in PTSD. Consequently, whether more insular disruptions in FC are detected in PTSD remains unknown. In addition, insula is a functionally heterogeneous brain region that subserves a wide range of functions, including self-awareness, emotion regulation, visceral sensory, and sensorimotor processes. [17] A comprehensive resting-state FC analysis based on the subdivisions of the insula is critical to specifically detect the potential disease effect in PTSD. Various methodological approaches [18, 19] have been developed recently to divide the insula into 3 subsystems with distinct FC patterns. [20] These subsystems are thought to be involved in emotional, sensorimotor, and higher cognitive processes. Several previous studies also suggested that the insular cortex plays a key role in linking emotion to cognitive processes and behavioral responses. [21, 22] The present study uses seed-based FC from 3 insular subregions to investigate the abnormal FC among the insular subregions in patients with PTSD. [20] We hypothesized the presence of aberrant functional connections in the insular subregions among patients with PTSD.
Methods

Participants
Twenty patients with PTSD who suffered from MVAs and 20 age, gender, and education-matched healthy individuals were recruited from the Southwest Hospital, Third Military Medical University. All patients suffered from serious MVAs that involved the death or near-death of other people. The PTSD diagnosis was made using the Clinician-Administered PTSD Scale for DSM-IV (CAPS-DX) by an attending psychiatrist and a trained interviewer. [23] Three main kinds of symptoms, including re-experiencing, avoidance, and increased arousal symptoms, were assessed in terms of frequency and intensity. The severity score of each symptom was computed by adding the frequency and intensity scores, which were summed up for all 17 symptom questions and/ or the 3 symptoms. All patients in the present study met the DSM-IV (CAPS-DX) diagnostic criteria for PTSD. The clinical and demographic data of the participants are listed in Table 1 . Moreover, both groups sustained neither a history of head injuries nor psychiatric and neurological disorders assessed using the Structured Clinical Interview for DSM-IV. [24] In addition, none of the patients with PTSD took psychotropic medication in the past 2 months. This study was approved by the Medical Research Ethics Committee of Southwest Hospital, Third Military Medical University. Written informed consents were signed by each participant.
MRI data acquisition
All fMRI images were acquired on a 3.0 T Siemens MRI scanner (Trio; Siemens Medical, Erlangen, Germany). Participants were instructed to keep their eyes closed without falling asleep during the whole experiment. Foam pads were used to limit the participants' head motion. The fMRI data were conducted using the echo-planar imaging (EPI) sequence. Sequence parameters are as follows: repetition time = 2000 ms, echo time = 30 ms, flip angle = 90°, matrix = 64 Â 64, transverse slices = 36, slice thickness = 3 mm, and field of view = 220 mm Â 220 mm. Scan lasted for 360 s for each participant.
Data preprocessing
Functional images were preprocessed using the Data Processing Assistant for Resting-State fMRI (DPARSF) toolbox. [25] The first 10 volumes were discarded because of unstable initial MRI signal. Acquisition time delay between slices and head motions were corrected for the remaining images. No participant indicated translational or rotational motion parameters >±3 mm or ±3°. The fMRI data were further spatially normalized to the Montreal Neurological Institute (MNI) EPI template image and resampled to 3 Â 3 Â 3 mm 3 . Afterward, the obtained fMRI data were spatially smoothed with an 8-mm full-width, halfmaximum Gaussian kernel and detrended to abandon the linear trend. [26] Several spurious covariates were regressed, including the Friston 24 head motion parameters obtained from motion correction and white matter signal; cerebrospinal fluid was also regressed to reduce spurious variance. Finally, the resulting time series were band filtered (0.01-0.08 Hz) to reduce the effects of low-frequency drift and high-frequency noise.
Definition of insular subregions
Six seeds for the bilateral insular subregions were chosen for the participants. The insular lobe was divided into 3 insular subregions in each brain hemisphere by clustering the FC patterns. [20] The ROIs were anatomically defined by drawing an insular gray matter on the MNI 152 standard space. [20] Three insular subregions with distinct patterns of connectivity were identified (for bilateral brain hemispheres), including ventral anterior insula (vAI), dorsal anterior insula (dAI), and posterior insula (PI). All the voxels in the insular subregions were defined as ROIs for the following FC analysis of both patients with PTSD and healthy controls (HCs).
FC processing
Six voxel-wise FC maps based on predefined bilateral vAI, dAI, and PI were calculated by the Pearson correlation [27] for each participant. The ROI signal was obtained specifically by averaging the time series across the voxels of each ROI. The FC maps were obtained by calculating the correlation coefficients between each ROI signal and the time series from every other voxel across the whole brain. To improve normality, all correlation coefficients were converted to z-scores using Fisher r-to-z transformation. [28] The P value was calculated by Chi-squared test and 2-sample t test. CAPS = clinician-administered PTSD scale (range 0-136), HCs = healthy controls, IQ = intelligence quotient, PTSD = post-traumatic stress disorder, SD = standard deviation.
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Statistical analysis
A 1-sample t test was performed for each ROI at each group to identify the connectivity pattern of the insluar subregions. The significant threshold was set at P < 0.001 (false discovery rate correction for multiple comparisons). Two-sample t tests were then performed to compare the FC maps between the patients with PTSD and HCs in order to determine the disrupted brain FC.
Resulting statistical FC maps were thresholded at P < 0.05 (combined threshold of P < 0.05) by using the AlphaSim program in the REST software (http://resting-fmri.sourceforge.net). Between-group comparisons were confined to the voxels showed significant correlation maps for the 2 groups by applying a mask obtained from the combined 1-sample t test results. Furthermore, linear correlation analyses were conducted to explore the links between the FC values and the clinical variables in the PTSD group. Correlations between the mean z values within these significant regions from the between-group comparisons and the CAPS scores were performed. The threshold P < 0.05 was considered significant.
Results
We explored the differences in the resting-state FC between patients with PTSD and HCs based on the 6 ROIs of the insular subregions. Significant differences between the patients with PTSD and HCs were found in the left vAI and right PI network (P < 0.05, AlphaSim corrected). Results are shown in Figs. 1 and 2 (region details see in Table 2 ). Resting-state FC of the other 4 ROIs did not differ significantly between the 2 groups. T statistical value of peak voxel showing functional connectivity differences. X, Y, Z coordinates of primary peak locations in the MNI space, the clusters survived P < 0.05, AlphaSim corrected, a combined threshold of P < 0.05. ACC = anterior cingulate cortex, BA = Brodmann area, FC = functional connectivity, HCs = healthy controls, MNI = Montreal Neurological Institute, PI = posterior insula, PTSD = post-traumatic stress disorder, ROI = region of interest, vAI = ventral anterior insula. The patients with PTSD showed decreased FC in the anterior cingulate cortex (ACC) in comparison with the HCs for the seed region of the left vAI. For the seed region of the right PI, we found that patients with PTSD exhibited decreased FC in the left inferior parietal lobe and postcentral gyrus. No significant correlation was detected between the FC values and CAPS scores.
Discussion
This study investigated the resting-state FC of 6 subregions of the insula to determine the differences between patients with PTSD and HCs. We found a wide range of abnormal FCs in PTSD based on the insular seeds during rest. Our study demonstrated that the FC between the insula and other brain regions was significantly altered among patients with PTSD. A significantly weaker FC was found between the left vAI and ACC. Furthermore, we observed a decreased FC between the right PI and the left inferior parietal lobe as well as postcentral gyrus among patients with PTSD. These findings add to the important evidence on altered FC of the insula and other brain regions, as well as provide new insights into the pathophysiological basis of PTSD.
Altered FC between the vAI and ACC
Compared to HCs, we observed reduced FC between the left vAI and ACC in patients with PTSD. The insula and ACC are believed to play essential roles in the integration of multimodal information vital in sensorimotor, homeostatic/allostatic, emotional, and cognitive functions [29, 30] given their neuroanatomical features and connectivity. [31] In addition, these 2 regions are suggested as essential parts of the "salience network" involved in identifying internal and external stimuli, which guides motivated behavior. [32] Functional neuroimaging research has reported the involvement of the anterior insula in anticipating and responding to anxiety-provoking events, [33, 34] especially in anxiety-prone or clinically anxious individuals, [35, 36] including patients with PTSD. [37, 38] Several previous studies reported the abnormal activation in ACC among patients with PTSD. For example, Lanius et al [39] found less ACC activation in patients with PTSD as they perform script-driven symptom provocation tasks in comparison with HCs. Decreased activation in ACC was also detected in patients with PTSD when viewing fearful faces. [40, 41] The above-mentioned studies demonstrate that the ACC may play a key role in the development of PTSD. One study also found decreased FC between insula and ACC when patients with PSTD engaged in traumatic memory recall tasks compared with controls; this result suggests a hyperarousal response to traumatic stimulus in patients with PTSD. [42] Dysfunctions in these regions may be regarded as evidence of abnormal traumatic and negative stimulus detection, as well as disrupted somatic/physiological reactivity systems in PTSD. These finding may result in aberrant contextual processing of the traumatic stimuli. Similarly, the disruption in the FC between vAI and ACC observed in the present study may supply a neural mechanism of emotion dysregulation, which may be associated with the abnormal integration of interoceptive information with emotional salience to form a subjective bodily representation. [43] An early study showed that PTSD is related to the dysfunction in information processing and to the hypervigilence to salient and traumatic events. [44] In the present study, the decreased FC in the vAI-ACC system may suggest the dysfunction in the emotional salience monitoring involved in the hypersrousal/hypervigilance symptom in patients with PTSD.
Altered FC between PI and parietal system
Deceased FC between the right PI and the left inferior parietal lobe was observed in patients with PTSD. The PI was functionally connected to the somatosensory cortex, which was consistently considered to be associated to processing somatosensory information with affective or motivational significance. [17, 20] The parietal lobe was also implicated in a hierarchy of sensory processing from primary sensory areas to unimodal and then polymodal association regions. [45] In addition, the parietal lobe was believed to be related to spatial orientation function, [46] which may subserve spatial and temporal information processing associated with a traumatic event. [47] The inferior parietal lobe and postcentral gyrus are 2 key regions in the parietal lobe [48] and both regions are known to be involved in multisensory interaction. [49, 50] Previous studies found that PTSD exhibited abnormal activation of the inferior parietal lobe and postcentral gyrus, which suggests the aberrant sensory information processing in patients with PTSD. [51, 52] Van der Kolk and Fisler observed that trauma is initially remembered in the form of somatosensory information, wherein trauma-related experiences show up in body memory sensations. [53] Flashbacks, or the sudden recall of traumatic experiences from the past, are identified as a re-experiencing symptom of PTSD that lead to great suffering for the people who experience them. [54] Flashbacks can happen in a wide range of modalities, including visual, auditory, olfactory, kinesthetic, and affective. [53] This symptom was often regarded as engaged in the intensity of sensory and the emotional re-experiencing of trauma. [55] In the present study, abnormal sensory information processing in the parietal lobe is hypothesized to be involved in the flashbacks of patients with PTSD through a pathway occurring within the PI-parietal circuit.
Collectively, the aberrant FCs of the insular subregions in our findings may advance our understanding of the pathophysiological mechanisms for PTSD, wherein the network associated with emotion regulations and sensorimotors exhibit disrupted FC. The disrupted FC in the salience network among patients with PTSD suggest that inefficient ACC regulation can result in overarching threat schemas that regulate over-estimations of threat and anxiety. The decreased FC between the PI and the parietal system may explain the abnormal somatosensory information processing and re-experience in patients with PTSD.
Limitations
The present study includes several limitations. First, our sample size is relatively small, and a larger sample size is required to confirm the current results in the future studies. Second, our study only explored patients with MAV. Thus, we urge caution when generalizing our findings to other traumatic events. Finally, we found no significant relationship between CAPS scores and FCs, which limit our findings to some extent. Therefore, more scales and tasks associated with PTSD symptoms are necessary in further investigations.
Conclusions
This is the first study to explore resting-state networks of the insular subregions in PTSD. Results showed that the vAI and PI networks differed between the patients with PTSD and HCs. In conclusion, the abnormal FCs in these regions may have important implications in understanding the pathophysiology of PTSD. Zhang et al. Medicine (2016) 
